Observations of weak, relatively sharp electron-spin resonance signals in a variety of lyophilized biological materials have been reported by Commoner, Townsend. and Pake.1 Studies at Duke University2 have shown that similar signals can be produced in numerous organic chemicals, including biological substances, by X-irradiation in oxygen or by the admission of oxygen to samples which had previously been irradiated in a vacuum. These signals produced by oxygen addition have no nuclear hyperfine structure but have a small asymmetry in the g factor of the type expected for an electron localized on a bound oxygen molecule. The signals thus produced are long-lived, usually much more so than the signals formed by irradiation without oxygen.
Because similar, long-lived signals can be produced by addition of oxygen to irradiated biological materials, it seems possible that signals like those observed by Commoner, Townsend, and Pakel in unirradiated biological substances might arise from peroxide radicals, ROO, or from semibonded, trapped molecular oxygen. Indeed, this possibility had been suggested earlier by Shields, Ard, and Gordy,' who observed similar signals along with signals from paramagnetic metallic ions in plant materials which had not been lyophilized or irradiated. Peroxide radicals might be built up to detectable proportions by combination of oxygen with radicals which themselves never reach detectable proportions or which have resonances too broad for detection with the usual spectrometers. Detectable paramagnetic oxygen may also be trapped by certain substances or charged groups which are not themselves radicals and do not have an unpaired spin. Resonance of gaseous, untrapped oxygen is difficult to detect under atmospheric conditions because the signals are spread out by interaction of the electronic spin with the molecular rotation and by molecular collisions. Gaseous oxygen would not be observable in our experiments.
In the present experiments we have sought to determine whether the signals of the type observed by Commoner, Townsend, and Pakel arise from peroxide radicals or trapped oxygen. We have been able to demonstrate that such signals can indeed be produced by the admission of molecular oxygen to lyophilized-but unirradiated-biological materials such as rat spleen, liver, kidney, or heart. The results strongly suggest that the greater part, if not all, of the natural electron-spin resonance signal strength in such materials results from absorbed oxygen, probably weakly bonded to some as yet unknown element or group in the material.
For most measurements, tissue was removed from adult male Sprague-Dawley rats immediately after cervical dislocation and severing the jugular veins, sliced quickly by hand on a glass surface cooled to 00, and put into liquid nitrogen. This process took about 5 minutes. In most experiments the tissue was carefully ground in a mortar in liquid nitrogen and lyophilized in vacuum for 5 hours. Some specimens were lyophilized without grinding. In some experiments the sample was lyophilized at O and never cooled below this temperature. Oxygen and nitrogen were dried by P205 for 1 hour or more but were not purified. The measurement of the paramagnetic resonance absorption was made at 23 kMc/sec at room temperature. The usual magnetic modulation spectrometer was employed with an Esterline-Angus pen-and-ink recorder which displayed the first derivative of the actual absorption curves. demonstrated in Figure 2 . When oxygen is admitted a second time, the signal returns, although possibly not quite to its original intensity. In the sliced, unground samples it is not possible to produce such large variations in the signals by pumping the samples, presumably because of the slow diffusion rate of the oxygen into and out of the samples. The shape of the paramagnetic resonance curves of lyophilized tissues allowed to remain in oxygen is like that obtained when the sample is X-irradiated and allowed to remain in oxygen. This shape is evident in Figure 3 , where a particularly strong GROUND SPLEEN signal was obtained for a sliced sample. The shape of the resonance is asymmetric, with the weak shoulder on the high-field side. This shape is the one expected for polyoriented radicals having an axially symmetric, slightly anisotropic g factor. The weak shoulder arises from radicals with their symmetry axis approximately parallel to the applied field, and the stronger peak from those with the axis approximately perpendicular to the field. In the polyoriented samples the perpendicular orientation has the greater statistical weight. At do not preclude the existence of detectable free -----*--_-___ radicals produced directly within the living :__ _ _ = _ animal. What they seem to prove is that the = r--~--K __ r--~---r=----primary signal strength in the tissues observed ____ Ihere is due to oxygen which enters the tissues after the animal is killed. The fact that the natural paramagnetic resonances observed in animal tissue seem to arise 50 GAUSS merely from trapped molecular oxygen or from radicals of other kinds which may be intermediaries in biochemical reactions, as proposed by Michaelis.4 However, the present experiments cause doubt that such radicals are often, if ever, in sufficient proportions to be directly detectable through their paramagnetic resonance. It is entirely reasonable that organic free radicals are the agents which are trapping the oxygen in these tissues, but this is not necessarily true. Molecular oxygen is itself paramagnetic and might remain paramagnetic while loosely held by electrostatic forces to charged groups which have an even number of electrons and are not themselves paramagnetic. Because most proteins and other organic substances for which the oxygen effect has been observed require prior irradiation for observation of the signal, it seems likely that either a free radical or some other active agent such as is produced by ionizing irradiation is necessary to trap the oxygen. Thus, in the unirradiated tissues for which the oxygen signals have been observed, there must be some active substance, perhaps a free radical or a charged group, which traps the oxygen. The trapping agents may be free radicals which have resonances too broad for detection until combination with oxygen takes place. PRoc. N. A. S.
PHYSICS: SCHWINGER
It seems reasonable that the active substance which traps the oxygen in these experiments may be the one which captures the oxygen molecule to start the process of oxygen consumption in the living cell. An experiment which we made indicates that the active agent which traps the oxygen is neutralized by water. If so, the agent must be maintained in small equilibrium concentrations with water and other chemicals in the living animal and, probably, it decays after the animal is killed. The experiment is this. Lyophilized tissues were put into a small quantity of water and refrigerated at O for several hours. They were then put into liquid nitrogen and were lyophilized in the usual way. When exposed to oxygen, these samples gave much weaker signals than did the samples not treated with water. For this reason our usual experiments were designed to dehydrate the sample as rapidly as possible after the animal was killed, on the assumption that water in the tissue neutralizes the oxygen-trapping agent.
We do not mean to imply in the above paragraph that only living processes can produce an active agent capable of trapping molecular oxygen. Irradiation can certainly produce such agents, as is proved by other experiments cited. Excessive heat and possibly decay of the animal tissues after death might do so. Shields, Ard, and Gordy3 found that signals like those from trapped oxygen are sometimes strong in certain decaying plants. However, these plant substances were relatively dry and had been exposed to the sun's rays. It is possible that the active element in them was produced by solar radiations. Also it seems possible that the signals built up in etiolated barley leaves by hours of irradiation with a fluorescent light by Commoner, Townsend, and Pakel result from the formation of an active agent which traps oxygen. In later experiments radicals of another kind-radicals of much shorter lifetimes or molecules in triplet states-have been detected in chloroplasts exposed to light. In the preceding paper' the single physical requirement of the existence of a vacuum state was used to exclude Fermi-Dirac fields with integer spin, and BoseEinstein fields of half-integer spin. While it is desirable to unify the treatment of all fields, the avoidance of explicit reference to commutation properties cannot be completely maintained. Indeed, the fundamental objection to fields of the type VOL. 44, 1958 617 
